the first carbon of the cis olefinic bond. "T" refers to 2004; Qiu, 1998; Qiu and Caffrey, 1998 , 1999 and our recently introduced "rational design" approach (Misthe tail of the chain extending from, and including, the second olefinic carbon to the carbon of the methyl termiquitta and Caffrey, 2001; Misquitta et al., 2004 ) to identify 7.7 MAG, with the double bond at carbon number 7, as nus. The sum of N ϩ T is the total number of carbon atoms in the chain. Thus, 9.9 MAG is monoolein that being likely to have the desired properties. Importantly, 7.7 MAG was also expected to have phase properties has an acyl chain that is 18 carbon atoms long and a cis double bond between carbons 9 and 10.). Just one significantly different from the routinely used 9.9 MAG, and it was these differences that gave rise to the expecother MAG, namely, monovaccenin (11.7 MAG), has been used successfully in in meso structure determinatation that it would prove useful as an alternative, perhaps an even better, system for crystallizing membrane tion work (Gordeliy et al., 2002), while monopalmitolein (9.7 MAG) (Landau and Rosenbusch, 1996) and 7.9 MAG proteins. As described herein, 7.7 MAG has been rationally de- (Misquitta et al., 2004) have been reported to support crystallization of the benchmark integral membrane prosigned, synthesized, and purified. Its lyotropic (waterdependent) and thermotropic (temperature-dependent) tein, bR.
We hypothesized that a shorter-chained MAG, if it phase properties, characterized by X-ray diffraction and polarized light microscopy (PLM), show that it formed formed the cubic phase under in meso conditions, would be a worthy candidate for in meso crystallogenesis for the required cubic phase under in meso conditions. Accordingly, it was enlisted in in meso crystallization trials the following reasons. The low productivity of the in meso method with the three currently enlisted lipids may and produced bR crystals that were bigger and of better visual quality than those grown in the reference lipid, relate to the "degree of comfort" experienced by the protein in the bilayer of the hosting cubic phase mem-9.9 MAG. True to expectation, 7.7 MAG-grown crystals were of diffraction quality and were in a different space brane. Thus, with MAGs bearing chains that are 16 and 18 carbon atoms long, the bilayer accommodates the group than those grown with 9.9 MAG. In addition, the new lipid system has produced crystals of the E. coli transmembranal protein to the point at which the driving force favoring protein-protein interaction and stable nuouter membrane cobalamin transporter, BtuB, that diffract to 4 Å . This is an important result because it is the cleus formation is not great. Obviously, it is strong enough because crystals do form in such environments. first report of in meso crystal growth of an integral protein that crosses the membrane not as a compact helix But, perhaps the driving force would be greater and would lead to better-quality crystals and to different bundle, but as a ␤ barrel (Chimento et al., 2003). Furthermore, the protein is colorless, demonstrating that work crystal forms forming more rapidly with a shorterchained lipid. In this case, mismatch between the hostwith such proteins by the in meso method is indeed possible. As expected, 7.7 MAG supported crystal growth ing bilayer and the protein would not be so great as to trigger aggregation and unfolding, but it would be of the water-soluble protein, lysozyme, by the in meso method. sufficient to enhance favorable protein-protein interactions and ultimately improved crystal growth.
In the current study, we set out to test this proposal. Results Before proceeding, however, we were mindful that the dictum "structure dictates function" also applies to lipRational Design of Mesophase Behavior ids. The implication, therefore, was that the molecular By way of explaining how rational design works in the structure of the lipid can profoundly impact its function present context, we begin by introducing what has at the level of mesophase behavior (tendency to form proven for us to be a useful way of considering how the one or other of the liquid crystalline phases, Figure 1) different MAG homologs are related. This takes the form and microstructure (bilayer thickness, water pore diof what is called the N-T matrix ( Figure 2B ). Here, a mensions, etc.). Thus, the question of whether a shortergiven lipid is assigned a coordinate in N-T space as chained MAG will form the requisite cubic phase under dictated by the length of the chain on either side of the in meso conditions, including excess aqueous medium olefinic bond (Figure 2A ). and room temperatures (19ЊC-25ЊC), arose?
The target lipid in this study, 7.7 MAG, is represented For purposes of the current study, we decided that a in the N-T notation by N ϭ 7 and T ϭ 7 (yellow square MAG with an acyl chain that is 14 carbon atoms long in Figure 2B ). Also included in Figure 2B is a series would be short enough, but not too short. If the acyl of MAGs for which detailed temperature-composition chain had too few carbons, the protein would likely not phase diagrams have been published. Three of these reconstitute, which is considered to be a critical first represent "N homologs" of 7.7 MAG in which N varies step in the overall crystallogenesis process (Caffrey, from 9 to 11, while T remains constant at a value of 7 2000). However, the saturated C 14 MAG variant, mono-(phase diagrams are surrounded by a bold line in Figure  myristin , is a solid at room temperature and is unsuitable 2B). A perusal of these phase diagrams suggested that (Bailey, 1950; Lutton, 1965) . Therefore, a cis double bond the N ϭ 7 homolog, with the cis double bond at carbon was called for to lower its melting temperature and to atom number 7, has the correct chain length and would stabilize the cubic phase. It was not clear, however, as likely have the desired phase behavior. In turn, they were to where in the chain the olefinic bond should be placed.
used to forecast the phase diagram for 7.7 MAG. At this juncture, we invoked our accumulated knowledge For each member of the homologous series repreof MAG phase behavior (Briggs, 1994; Briggs and Caf- sented in Figure 2B, gions, have been extracted from their respective phase data in the heating direction. The phase diagram was constructed in the heating direction, and samples were diagrams. An example of how these transition values were obtained in the case of the 11.7 MAG/water system initially incubated at Ϫ70ЊC for at least 3 hr in order to access the equilibrium solid, or Lc, phase. Phases were is shown in Figure 1 . The corresponding transition temperatures have been plotted in Figure 3A as a function identified and structurally characterized by using lowand wide-angle X-ray diffraction (Supplemental Figure of N. Assuming that they are locally linearly related to N, the temperature expected for the various transitions S1; available in the Supplemental Data online) and PLM (Supplemental Figure S2) . Most of the diffraction meaundergone by 7.7 MAG were obtained by extrapolation ( Figure 3A) . A similar approach was taken for the major surements were made at discrete points in temperaturecomposition space. These are identified in Figure 4A as lyotropic transitions ( Figure 3B ). The predicted transition temperatures and compositions were placed in a blank individual datum. This figure shows the actual phases identified by static diffraction measurements. Phase phase diagram (stars in Figure 3C ) and were used to construct a predicted diagram in accordance with esboundaries, positioned by using these data, are shown in Figure 4C . For ease of comparison, the data in Figure  tablished phase diagrams for other members of the homologous series, as described above.
4A and the interpreted phase diagram in Figure 4C are combined in Figure 4B . The excess water boundaries A perusal of the phase diagram for 7.7 MAG ( Figure  3C ) shows that the required cubic phase is predicted were located by using data for phase structure parameter dependence on sample water content of the type to form under full-hydration conditions at slightly above 30ЊC. Accordingly, the relevant transition is a little on shown in Figure 5B at 10ЊC. In addition to establishing the lyotropic (water-depenthe high side given the intent to perform crystallization trials at room temperature (19ЊC-25ЊC). However, we dent) and thermotropic (temperature-dependent) phase properties of the 7.7 MAG/water system shown in Figure  chose to persevere with 7.7 MAG since the predicted transition temperature has an estimated error of Ϯ5ЊC.
5, the data therein show clearly that the desired, fully hydrated cubic phase forms in the vicinity of room temThis meant that the actual transition might well take place in the required temperature range. Furthermore, perature. This result was important, as it meant that it was appropriate to proceed with the in meso crystallizathe predicted phase diagram for 7.7 MAG is dominated by the lamellar liquid crystal (L ␣ ) phase. According to tion trials as planned. the proposed crystallization mechanism (Caffrey, 2000), a local lamellar structure acts as a conduit between the 7.7 MAG Supports Growth bulk cubic phase reservoir and the face of the crystal.
of Diffraction-Quality Crystals Thus, the propensity of the short-chained lipid to form Before using 7.7 MAG in in meso crystallization trials, the L ␣ phase was considered a bonus. the necessary control measurements were performed by using 9.9 MAG (monoolein), upon which the in meso method was based. The results illustrated in Figures and used in crystallographic measurements. They were found to diffract to 2.1 Å in space group C222 1 (lattice data will be reported on separately (V.C., Y.M., O.S., and M.C.; in preparation).
Crystallization trials of bR in 7.7 MAG and 9.9 MAG were also performed at 40ЊC; at this temperature, the cubic phase is fully developed in both lipid systems. Several screen solutions produced crystals in 9.9 MAG. However, none formed in the case of the short-chained lipid. Instead, the protein denatured as evidenced by a loss of its native pink/purplish color. Despite the denaturation, the lipid remained in the cubic phase.
Significantly, the colorless, outer membrane protein, BtuB, was crystallized in both the 7.7 and 9.9 MAGs at 20ЊC (Figures 6E and 6F) . The crystals produced in 7.7 MAG were larger and of a better quality visually than those in 9.9 MAG. Fine screening in the latter system was followed by crystal harvesting, cryo-cooling, and diffraction data collection. The crystals diffracted to ‫4ف‬ Å . They most likely belong to space group P222 with lattice parameters a ϭ 149. 
Discussion

In Meso Crystallization
This study was performed to determine if a shortchained MAG could be used to crystallize membrane proteins by the in meso method. A second objective was to compare crystallogenesis in the short-chained lipid with that in its longer-chained counterpart. Using the rational design approach, 7.7 MAG was identified as the short-chained lipid with which to perform the evaluation. The results show convincingly that it supports the crystallization of two very different membrane proteins.
7.7 MAG-grown crystals of bR were quite large (max. 0.2 mm) and diffracted to 2.1 Å . Particularly striking was the finding that the crystals grew in a space group Figure 7A ) and showed no evidence of to form an ordered lattice in ways that reflect the unique character of the host. As a result, the prospect exists perfect merohedral twinning (Yeates, 1997) . In contrast, the space group observed with 9.9 MAG was P6 3 that new facets of a protein's structure can be revealed in one lipidic host that are lost to disorder in another. (Luecke et al., 1998) . A more complete analysis of these By using several lipids, full structural characterization pected to impact dramatically on the process, as observed. is more likely.
In addition to bR, 7.7 MAG proved to be a useful host in which to grow crystals of the bacterial outer Phase Change during Crystallization As has been reported (Misquitta and Caffrey, 2003), membrane protein, BtuB. This is a very significant result because it is the first example, to our knowledge, of an when a mixture of 9.9 MAG and bR is made under standard crystallization conditions, the initial phase is usuintegral membrane ␤ barrel protein to be crystallized by the in meso method. To date, all other successes have ally lamellar ϩ cubic (usually cubic-Pn3m). Upon addition of a successful precipitant, like sodium/potassium been with proteins that consist of relatively compact bundles of transmembranal helices stabilized by one or phosphate, the lipidic phase is seen to change to the cubic-Pn3m phase (Misquitta and Caffrey, 2003) , usually more chromophores. The fact that BtuB is colorless and produces crystals that can be seen and harvested for within an hour after a typical crystallization setup. In screens of BtuB in 9.9 MAG, the initial and final phases use in diffraction measurements also attests to the generality of the in meso method. Unfortunately, the BtuB in successful screens were cubic. It is from the cubic phase that these proteins are observed to crystallize. crystals diffract weakly ‫4ف(‬ Å , Figure 7B ). Refinement is in progress to produce better-quality crystals.
And, the cubic phases in general have been proposed to be necessary for in meso crystallization of membrane In addition to using the short-chained lipid for crystallization trials of membrane proteins, its ability to support proteins. In the case of bR and BtuB at 20ЊC in 7.7 MAG, the soluble protein crystal growth was investigated. Crystals of the soluble protein, lysozyme, were found to grow phases seen are slightly different. The system started out as a mixture of the lamellar and cubic phases in 7.7 equally well in the benchmark 9.9 MAG and in 7.7 MAG at 20ЊC. Since growth of soluble protein crystals is ex-MAG/protein dispersion and evolved over time into an ill-defined fluid-like phase or a very disordered cubic pected to occur in the aqueous compartment of the cubic phase, the chain identity of the MAG is not exphase that contained crystals. Thus, a phase transition To what can we ascribe the stability difference of the occurred during the course of the incubation process. The precise time at which the "fluidization" took place bR protein in the cubic phase of the 7.7 and 9.9 MAGs? In what follows, we consider two properties of the reafter the screens were set up is not known. Nor indeed has the nature of the phase transformation been deterspective hosts that relate to this question. The first is curvature. As will be shown below, the lipid/water intermined. This represents a work in progress. A similar "fluidization" phenomenon has been reported to occur face of the cubic-Pn3m phase in hydrated 9.9 MAG is more highly curved than that of 7.7 MAG at the same during the crystallization of the acetylcholine receptor-␣-bungarotoxin complex in the 9.9 MAG lipid system temperature (40ЊC). The observation, that the protein denatures in the latter but not the former suggests that (Paas et al., 2003) .
if curvature is an issue, then more (curvature) is better than less and a flatter membrane is more destabilizing.
Protein Stability in the Cubic Phase As seen in the temperature-composition phase diagram
The other property is bilayer thickness. As seen in Figure  8 , the two lipids differ in bilayer thickness by 6-7 Å . for 7.7 MAG (Figure 4C) , the lamellar-to-cubic phase transition in excess water occurs at slightly above 20ЊC.
Thus, the mismatch between the hydrophobic surface of the protein and its complementary contacting surface In order to determine if bR could crystallize from a "welldeveloped" cubic phase of 7.7 MAG, crystallization trials in the bilayer interior is more pronounced in the shorterchained MAG. The more-exposed apolar surface in the were conducted at 40ЊC. Controls were run in parallel with 9.9 MAG at the same temperature. While several latter may contribute to the instability observed. The bilayer of the cubic phase thickens at lower temperaof the 9.9 MAG screens were successful at 40ЊC, none of the screens in 7.7 MAG grew at this temperature.
tures (Caffrey, 2003) . Presumably, it is thick enough to coat and to protect the protein at 20ЊC, since no sign Instead, the protein was found to have denatured, as indicated by a loss of color, even though the cubic phase of denaturation was observed under this condition with the short-chained lipid. was retained.
Impact of Lipid Phase Microstructure on Crystallogenesis
During the early stages of this project, it was unclear that the target short-chained lipid, 7.7 MAG, would work as a host for the in meso crystallization of membrane proteins. To begin with, it was deemed necessary that the lipid form the cubic phase under conditions of full hydration at room temperature (Caffrey, 2000) . The predicted phase behavior indicated that this might possibly be the case, and the experimental diagram verified it. The second issue was effective acyl chain length, and the possibility that the thickness of the bilayer of the cubic phase formed by this short-chained lipid would be too small to support an active transmembranal protein. While activity assays were not performed on the reconstituted proteins, the system went on to produce diffraction-quality crystals in the case of bR (Figures 6C and  6D) . We are assuming therefore that the crystals incorporate the active form of the protein, as has been shown to exist for those grown with 9.9 MAG (Heberle et al., 1998).
While the 7.7 and 9.9 MAGs differ in acyl chain length by four methylenes, it is not necessarily true that the Table S1 ). predicted and experimentally determined phase diaEach methylene in the trans configuration adds 1.25 Å grams for the 7.7 MAG/water system, it is important to to the width of a bilayer when the chain is oriented recognize the magnitude of the uncertainties or errors normal to the bilayer plane. Accordingly, this d 001 value associated with each. The experimental phase diagram can be incremented by (8 ϫ 1.25 ϭ) 10 Å , providing an ( Figure 4C ) is based on data collected at discrete values expected value of 51 Å for the Lc phase of 9.9 MAG. of temperature and composition in increments of 5ЊC
The experimental value is 49.3 Å (Qiu and Caffrey, 2000), and 2%-5% (w/w) water, respectively ( Figure 6A ). Phase which is in reasonable agreement with the value just boundaries were fit to these data by eye and have an calculated. Given that the chains contain a cis olefinic estimated error of Ϯ2.5ЊC and Ϯ2.0% (w/w) water. We group and are thus kinked, the slightly lower experimenconsider the assigned estimated errors of Ϯ5ЊC and tal value is not unreasonable. Ϯ5% (w/w) water for the predicted phase diagram in For the cubic phase used in membrane protein crystal- Figures 3A and 3B to be conservative. lization, the microstructure comparison is not as straightTo facilitate the comparison, Figure 9 shows the exforward as with the Lc phase. The complication arises perimental and the predicted diagrams side by side and because the measured lattice parameter has two comas a superposition of one on the other. We have chosen ponents, lipid and water. The relative contributions of not to examine the phase behavior at low temperatures each can be obtained under certain limiting conditions. at which the Lc phase dominates since it is the liquid The hydration level at which the cubic phase saturates crystal phases, and not the solid state, that are the focus with water is one such limit that is commonly used. This, of attention in this study.
in turn, defines the composition of the phase at the A perusal of the data in Figure 9C shows that the specified temperature. Assuming that the lipid and water predicted phases are all present in the experimental are equally dense, it is possible to calculate various system, and that they are there in the expected relative parameters that describe the microstructure of the cubic positions with respect to temperature and composition.
phase, as has been outlined elsewhere (Briggs et al., Thus, the L ␣ , cubic-Ia3d, cubic-Pn3m, and FI phase re-1996; Qiu and Caffrey, 1999). Since the cubic phase that gions in the predicted and experimental diagrams overis in equilibrium with excess water is of the Pn3m type lap reasonably well considering the phase boundary for both the 7.7 and 9.9 MAGs, it is this that we will errors noted. The 7.7 MAG system was not expected to focus on for purposes of comparison. Further, the evaluform the H II phase, which indeed is absent from the ation will be done at 40ЊC. This is the lowest common predicted phase diagram. This was borne out experitemperature for which indexable diffraction patterns for the cubic-Pn3m phase were obtained. mentally ( Figure 9A ). The shape factor for 9.9 MAG is larger than that for tics in the context of in meso crystallization, it is instruc-7.7 MAG, indicating that the longer-chained lipid has tive to use them to provide a measure of lipid shape the more-pronounced wedge shape at a fixed temperawithin the cubic phase. The shape factor or packing ture. As has been described (Briggs et al., 1996; Qiu, parameter, ␥, is a simple and quantitative way of de-1998), a larger ␥ indicates that the lipid/water interface scribing molecular shape in a self-assembled aggregate is more highly curved, and by extension, that the cubic such as the assorted lyotropic liquid crystal phases enphase accommodates less water. The relative hydrations countered in lipidic systems. In the bicontinuous cubic of the excess water boundaries of the cubic-Pn3m phase, ␥ can be calculated based on the infinite periodic phase of the two MAGs at 40ЊC, indicated above, bear minimal surface model as follows: out this statement. The lamellar-to-cubic phase transition of 9.9 MAG is also lower than that of 7.7 MAG at
all hydrations, as expected (Briggs et al., 1996; Qiu, 1998) . This is important, as membrane curvature has been postulated to be a driving force for the crystallizawhere V is lipid molecular volume, A(l) is the lipid head- that bilayers become thinner with increasing temperature, these results suggest that a membrane can be too A cartoon representation of bR in a section of bilayer from the highly curved cubic phase is shown in Figure  thin to support the native form of a protein, as in the case of bR in 7.7 MAG at 40ЊC. Thus, while working with 8. The drawing is to scale to illustrate the relationship between the protein and the bilayer it presumably trathe shorter-chained lipids may offer advantages, care is needed to ensure that there is a good match between verses after reconstitution. Cartoons are shown for the 7.7 and 9.9 MAGs; in these cartoons, their contrasting the protein and the hosting lipid bilayer. Of course, the match is likely to be protein specific. microstructures are readily apparent when viewed with respect to one another and to bR. The particular protein A related aim of this study was to examine the predictive power of a restricted database of phase diaorientation and relative position chosen for illustration are arbitrary other than to have the long helices cross grams for MAG/water systems. The intent was to use the set to identify a short-chained MAG that formed the bilayer and for the interhelical loops and the N and C termini to be extramembranal. For purposes of this the cubic phase under standard in meso crystallization conditions. 7.7 MAG was identified and was shown to discussion, deformation of the lipid bilayer around the protein is not invoked. A perusal of the figure shows perform as expected. The prediction was based on the assumption that thermotropic and lyotropic phase bethat the bulk of the protein is accommodated within the bilayer of 9.9 MAG. However, in 7.7 MAG, a significant havior changes linearly with chain length. Despite the relatively coarse nature of the rational design approach, fraction of the protein extends beyond it. Assuming the protein can be approximated by an ellipsoid measuring it did work. ‫52ف‬ ϫ 33 ϫ 52 Å 3 , a simple calculation shows that the surface area difference exposed upon going from 9.9 
Conclusions Methods
Sample Preparation
We have shown that the short-chained lipid, 7.7 MAG, while BtuB, at least the form used in this study, is devoid For most MAG/water systems, incubation at Ϫ15ЊC enables the of potentially stabilizing cofactors. The fact that BtuB sample to access the assumed equilibrium Lc state (Qiu and Caffrey, is colorless, but that it still can be worked with by the 1999, 2000). This was not the case with 7.7 MAG, where it was found to be necessary to store the sample at Ϫ70ЊC for a period never in meso method, should allay fears that the method is exceeding 2 days for Lc formation. The capillaries were then translimited to colored proteins. ferred rapidly to a prechilled beryllium holder at Ϫ70ЊC and were Membrane protein stability issues were addressed in incubated at Ϫ20ЊC for 3 hr or longer before data collection. They this work. It was found that bR in the short-chained 7.7 were then heated to the required temperature and incubated there MAG, while stable when reconstituted into the cubic for anywhere from 3 to 6 hr, at which point the diffraction pattern phase at room temperature, denatured in the same was collected by using an exposure time of 30-60 min per sample. This cycle of adjusting temperature followed by an incubation period phase at 40ЊC. In contrast, the protein was stable and
